A new self-assembled nanoparticle platform based on a carboxymethylcellulose (CMC)-ursolic acid (UA) conjugate is presented for the first time. The CMC-UA conjugate was synthesized by introducing the hydrophobic drug UA into the hydrophilic polymer molecule CMC, and then another anticancer drug, hydroxycamptothecin (HCPT), was encapsulated into the self-assembled nanoparticles (CMC-UA/HCPT NPs) of the conjugate formed by the nanoprecipitation method. The obtained nanoparticles possessed appropriate size ($40 nm), high encapsulation efficiency ($17.53 wt% HCPT) and drug-loading efficiency ($29.62 wt% UA). Cell experiments indicated that CMC-UA/HCPT NPs exhibited higher cytotoxicity than free UA and free HCPT, owing to the longer blood retention time than free drug (7.3-fold UA, 2.5-fold HCPT) and effective cellular uptake. Anti-tumor capacity, mice survival rate and tumor growth inhibition of UA and HCPT were also significant. Moreover, the evaluation of the side effects clearly and elaborately certified that NPs could reduce the risk of hypersensitivity reactions substantially. Therefore, CMC-UA/ HCPT NPs is a further prospective anticancer drug delivery system.
Introduction
Cancer is a group of diseases involving abnormal cell growth with the potential to invade or spread to other parts of the body. Growing cancer incidence rate and increasing mortality trends in recently published global cancer statistics worldwide implied that more efforts should be made and challenges overcome to treat cancer. [1] [2] [3] In all strategies for ghting cancer, chemotherapy plays a crucial role in clinical treatment.
As adjuvant therapy, chemotherapeutic agents have been used independently or integrated with other treatment. 4 Ursolic acid (UA), a pentacyclic triterpenoid compound that is isolated from various medicinal plants, seems to show a promising inhibitory effect in different tumor cell lines. UA has recently attracted great attention for its potential as a chemopreventive and chemotherapeutic agent. 5, 6 UA as a single chemotherapy agent kills the rapidly growing and dividing cancerous cells, but it also destroys the growing normal cells with resulting adverse reactions, such as congestive heart failure, in clinical treatment. 7 In addition, UA is also limited in the treatment of cancer because of its insolubility, relatively short half-life, and low bioavailability. 8, 9 Therefore, a convenient and safe delivery system urgently needs to be established to maximize the therapeutic efficacy at tumor sites while minimizing the side effects.
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Application of nanotechnologies in oncology has greatly impacted cancer diagnosis and therapy in the past decade.
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Nanoparticle drugs have been exploited to circumvent the low bioavailability, rapid degradation and inactivation of drugs, and can rapidly enhance the permeability and retention (EPR) effect, and their ability to reduce the off-target toxicities of chemotherapeutics in tumors has been explored, leading to safe delivery systems and stable efficacy. [15] [16] [17] [18] Recently, the use of UAloaded poly-D,L-lactic-co-glycolic acid nanoparticles (UA-NPs) as drug carrier was evaluated for differential tumor targeting effects in B16F10 melanoma cells. Smooth spherical nanoparticles of small size with relatively narrow size distribution ($154 nm) were produced through a single emulsication technique, and about 4% drug-loading efficiency and high encapsulation efficiency ($40%) were obtained. The technetium-99m radiolabelled UA-NPs exhibited slower blood clearance and comparatively high uptake in the tumor region.
19
In addition, a nanoparticle-based drug carrier composed of chitosan, UA and folate (FA-CS-UA-NPs) was reported for MCF-7 cells. An average particle size of $160 nm and encapsulation efficiency of 50% were obtained. FA-CS-UA-NPs could effectively diminish off-target effects and increase local drug concentrations of UA, and were easily internalized by cancer cells through a folate receptor-mediated endocytic pathway. In vivo experiments revealed that nanoparticles could signicantly decrease the breast cancer burden in the MCF-7 xenogra mouse model. 20, 21 Although delivery systems of UA-loaded nanoparticles have been reported, 8, [19] [20] [21] in great part methods and strategy need to be established for synthesis of UA-loaded nanoparticles in order to improve the drug loading and efficiency of drug release, and especially to reduce particle size in order to improve carrier tissue penetration.
Carboxymethylcellulose (CMC) is a polysaccharide that is plentifully available worldwide. CMC, a highly biocompatible and biodegradable material, is ideal for drug delivery systems as it possesses many favorable pharmaceutical properties such as non-toxicity, high stability and drug-binding capacity, and long half-life in vivo. Ernsting et al. used CMC as a polymer backbone for the delivery of docetaxel. In vitro, the cytotoxicity of the optimal conjugate formulation was improved by $2-40-fold compared with free docetaxel. 22 Dai et al. designed a delivery system for the insoluble anticancer drug betulinic acid (BA) using CMC nanoparticles, as well as developing a cell-specic targeting F-PEG-CMC-BA nanocarrier to deliver another anticancer drug (hydroxycamptothecin). The obtained F-PEG-CMC-BA/HCPT nanoparticles (FPCB/HCPT NPs) had 6.4-fold and 6.0-fold the blood circulation half-life of free BA and free HCPT, respectively.
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In the present study, we present a new drug delivery nanoparticle system for an insoluble anticancer drug using the CMC-UA conjugate. The CMC-UA conjugate was rst synthesized by introducing the hydrophobic drug UA into the hydrophilic polymer molecule CMC, and then another anticancer drug, hydroxycamptothecin, was encapsulated in the selfassembled nanoparticles of the conjugate by a nanoprecipitation method. In addition, the in vitro and in vivo antitumor activities of CMC-UA/HCPT NPs nanoparticles were investigated.
Experimental

Materials
Carboxymethylcellulose (CMC) sodium salt 30 000 P with an average molecular weight of 270 kDa and degree of substitution (DS) of 0.82 was purchased from CP Kelco (Atlanta, GA, USA), and is an FDA and EU food-grade material. Ursolic acid (UA) was purchased from Chengdu Preferred Biotechnology Co., Ltd (Chengdu, Sichuan, PR China). Acetic anhydride, dimethylsulfoxide (DMSO), sulfuric acid, glacial acetic acid, diethyl ether, methanol, potassium bromide (KBr), 10-hydroxycamptothecin, acetonitrile, pyridine (Py), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide HCl (EDC$HCl), and 4-dimethylaminopyridine (DMAP) were purchased from Sigma-Aldrich (Oakville, ON, CA). All other reagents were also purchased from Sigma-Aldrich.
Cell culture
Penicillin and streptomycin, Gibco Dulbecco's phosphatebuffered saline (DPBS), and Gibco Dulbecco's modied Eagle's medium (DMEM) were all bought from Invitrogen. Fetal bovine serum (FBS) was from HyClone. Cell-Counting Kit-8 (CCK-8) was supplied by Dojindo Laboratories. The mouse breast cancer cell line 4T1, obtained from the 410.4 tumor strain without mutagenesis screen 6-thioguanlinol resistance cell line, was purchased from the Peking University Health Science Center (Beijing, PR China) and maintained in Dulbecco's modied Eagle's medium supplemented with 10% fetal bovine serum at 37 C and 5% CO 2 for a maximum of 10 passages.
Animals and ethics
Female BALB/c mice, 4-6 weeks of age and weight 18-20 g, were purchased from Beijing H Bioscience Co., Ltd. All the animal experiments were consistent with the guidelines set by the National Institutes of Health (NIH Publication no. 85-23, revised 1985) and were approved by the Experimental Animal Ethics Committee, Beijing.
Preparation of the acetylated CMC
Carboxymethylcellulose (CMC) sodium salt was rst converted to a water-insoluble form by acetylation reaction in organic solvent. It was suspended in 20% sulfuric acid with vigorous stirring at room temperature for 2 h. The CMC-COOH precipitate was obtained by centrifuging at 10 000 rpm for 30 min, and washed with water using ultrasonically assisted homogeneous stirring until the water tested neutral, and then washed with glacial acetic acid three times aerwards. CMC-COOH was resuspended in glacial acetic acid (0.2 g mL À1 ) at À5 C for 30 min, and acetic anhydride (0.35 g mL À1 ) and sulfuric acid (8.5 g mL À1 ) were added to the chilled CMC-COOH at 50 C and vigorously stirred for 3 h till the solution claried. The precipitate was obtained from the mixed solution by adding deionized water, and then washed till neutral by centrifuging at 10 000 rpm for 15 min. The acetylated carboxymethylcellulose (CMC-Ac) was frozen at À20 C and dried by vacuum freeze dryer at À56 C for 48 h.
Synthesis of CMC-UA
The preparation of acetylated carboxymethylcellulose (CMC-Ac, M w ¼ 515.68 g mol À1 , 100 mg) was dissolved in dry pyridine (3 mL) in a 25 mL glass vial at 35 C for 2 h. EDC$HCl (230 mg, 1.20 mmol) was dissolved in 1 mL dry pyridine, DMAP (10 mg, 0.08 mmol) was dissolved in dry pyridine (0.1 mL), and UA (200 mg, 0.5 mmol) was dissolved in 1 mL dry pyridine. Dissolved EDC$HCl and DMAP reagents were added to the CMC-Ac solution at 35 C for 1.5 h, followed by addition of the UA. The solution was stirred at 35 C for 48 h with protection from light, and passed through nitrogen to exclude water vapor. The solvent was removed by rotary evaporation (45 C, 5 mbar), and the compound was precipitated in diethyl ether (1 : 3, v/v), and centrifuged at 4000 rpm for 30 min. The supernatant was removed, and the obtained precipitate was washed three times with diethyl ether (3 Â 10 mL) by centrifuging at 4000 rpm for 10 min. The resulting precipitate was dissolved in deionized water and then dialyzed in PBS solution using a dialysis membrane with MWCO 3.5 kDa for 12 h with three changes of liquid. The liquid in the dialysis membrane was transferred to a centrifuge tube, and then frozen and dried by a vacuum freeze dryer at À56 C for 48 h. 
Preparation of CMC-UA/HCPT nanoparticles
The preparation of CMC-UA/HCPT nanoparticles was adapted from the self-assembly method 24, 25 described previously. Simply, CMC-UA (5 mg) and HCPT (2 mg) were dissolved in 1 mL DMSO, and added dropwise to a vortexing solution of 5 mL PBS in a 15 mL round-bottomed ask for about 15 min. The resulting CMC-UA/HCPT NPs solutions were transferred to an 8000 MWCO cartridge, and dialyzed against 100 mL PBS solution for 3 h with three exchanges of dialysate. The particles were ltered through a 25 mm Millipore PVDF lter (0.2 mm), and transferred to a Vivaspin centrifugal lter unit (10 000 MWCO), and then spun at 4000 rpm to concentrate the particles. The size of the particles was determined by dynamic light scattering using a particle analyzer (Zetasizer Nano-ZS, Malvern Instruments Ltd, Malvern, UK). CMC-UA NPs was prepared similarly to CMC-UA/HCPT NPs.
TEM analysis
CMC-UA/HCPT NPs and CMC-UA/HCPT NPs were diluted 100Â in deionized water, and 2 mL aliquots of solution were pipetted onto the surface of Formvar-coated copper TEM grids (TedPella, Redding, CA) and allowed to air-dry. Analysis was performed on a JEM-100CXa transmission electron microscope at an acceleration voltage of 100 kV.
Hemolysis assay
The hemolytic activity of the conjugate solutions was investigated as reported earlier. 26, 27 Briey, fresh blood samples were collected through cardiac puncture from healthy rats. EDTA-Na 2 was immediately mixed into about 10 mL of blood to prevent coagulation. Precipitated red blood cells (RBCs) were collected by means of centrifuging at 1500 rpm at $0-4 C for 15 min. The erythrocytes precipitation was washed till clear using ice-cold DPBS, and were diluted in ice-cold DPBS at a nal concentration of 5 Â 10 8 cells mL
À1
. 1 mL CMC-UA NPs solution and 1 mL CMC-UA/HCPT NPs solution with a concentration range from 1 mg mL À1 to 0.1 mg mL À1 were separately mixed with 1 mL erythrocyte suspension, then incubated for 1 h at 37 C under constant shaking. Centrifugation took place at 1500 rpm at 4 C for 15 min; the supernatant was analyzed for hemoglobin release at 541 nm using an Innite M200 microplate spectrophotometer (Tecan, Switzerland). DPBS and 1% Triton X-100 in DPBS were used as negative control (0% lysis) and positive control (100% lysis), respectively. Hemoglobin release was calculated as:
(OD sample À OD negative control )/ (OD positive control À OD negative control ) Â 100%.
Hemolysis was determined though three independent experiments.
Determination of drug loading and in vitro drug release
CMC-UA/HCPT NPs samples were assayed for UA and HCPT content by UV assay. Briey, the pure drugs UA and HCPT were dissolved in methanol and acetonitrile at ve different concentrations in order to obtain standard curves. CMC-UA/ HCPT NPs was hydrolysed in dilute hydrochloric acid (10%, v/ v, HCl) to obtain mixed precipitates of the free UA and HCPT, and the precipitates were sedimented by centrifuging at 4000 rpm. The obtained precipitates were dissolved in 88% (v/v) methanol-water solution to measure the content of UA and HCPT in CMC-UA/HCPT NPs by UV absorbance at 210 nm and 254 nm.
The release of UA and HCPT from CMC-UA/HCPT NPs was analyzed by dialysis. First, CMC-UA/HCPT NPs PBS solution (0.5 mg mL À1 , pH ¼ 7. using a C 18 reverse phase column. Each stability prole represents the average of three independent runs with the same sampling schedules. Drug-loading efficiency (DLE) of UA and encapsulation efficiency (EE) of HCPT were calculated as follows:
Simultaneously, esterase (30 units) was added into the dialysis bag, the previous procedure repeated, and the UA and HCPT release in the presence of esterase was studied. 
Toxicity analysis in vitro
Cellular uptake study
Cellular uptake and distribution of HCPT from the developed nanoparticles were observed by confocal laser scanning microscopy (CLSM, TCS SP5, Leica). 4T1 cells were trypsinized and seeded onto culture slides (BD Falcon, Bedford, MA) at a density of 1.0 Â 10 5 cells per mL. One milliliter of cell suspension was added to 4 cm 2 confocal Petri dishes at 37 C overnight. Aer 24 h of incubation, free HCPT (IC 50 ) and CMC-UA/HCPT NPs (IC 50 ) were added along the inner wall, and incubated at 37 C for 4 h. The drug solution was removed, and the cells were washed three times, and then xed with 4% formaldehyde solution for 15 min before the formaldehyde was aspirated. One milliliter of 0.5 mg mL À1 DAPI solution was added. Aer 5 min, the DAPI solution was aspirated, and the cells were rinsed three times with PBS. Nanoparticles were detected by the absorbance of HCPT at 488 nm.
Pharmacokinetic (PK) study
Twenty-four tumor-free healthy BALB/c female mice were randomly divided into four groups. Groups 1 and 2 were treated with free UA and free HCPT, respectively, and groups 3 and 4 with CMC-UA NPs and CMC-UA/HCPT NPs, respectively, injected via the tail vein. Aer intravenous administration, blood samples were collected at 0.125, 0.25, 0.5, 1, 3, 5, 10, 24, 48, and 72 h from the orbital plexus and centrifuged immediately at 3000 rpm for 10 min at 4 C. Plasma (100 mL) was mixed with 50 mL of 0.1 N NaOH for 15 min in a water bath at 37 C to determine the level of total UA or HCPT in each plasma sample. HCl (0.1 N, 50 mL) was added, followed by 100 mL methanol for 2 min, sonication for 5 min and centrifugation at 4000 rpm for 5 min. The clear supernatant was dissolved in 100 mL of methanol for HPLC (C 18 , 5 mm, 4.6 Â 250 mm) analysis. A gradient of 60% acetonitrile in 0.05% triuoroacetate was used at a ow rate of 1 mL min À1 . Blood UA and HCPT levels, with the unit of percentage of injected dose per gram (% ID per g), were plotted against time aer injection.
Subcutaneous tumor efficacy models
Subcutaneous tumor xenogra models were established in the right auxiliary ank region of BALB/c female mice (6-7 weeks) by injecting 5 Â 10 5 4T1 cells in 200 mL DMEM medium per mouse. Treatments were initiated when tumor volume reached 50-100 mm 3 . Mice were randomly divided into six groups (n ¼ 6) and intravenously injected with PBS (control), free UA (10 mg kg À1 ), free HCPT (10 mg kg À1 ), or CMC-UA NPs or CMC-UA/ HCPT NPs equal to the free UA concentration, on days 0, 2, 4, 6, and 8. In the cure phase, mice were monitored for tumor sizes and body weights at daily intervals. The relative tumor volume (RTV) was calculated at each measurement time point. For efficacy studies, the percentage of tumor growth inhibition (% TGI) was calculated using the following formula:
, where C is the mean tumor volume of the control group and T is the mean tumor volume of the treatment group.
Detection of allergic reaction
Detection of allergic reaction is very important in order to protect against toxic side effects of chemotherapeutical drugs. Five groups of tumor-bearing mice (n ¼ 6) were used in allergy testing studies of ve samples (control, UA, HCPT, CMC-UA NPs and CMC-UA/HCPT NPs). The ve samples were administered via tail intravenous injection every two days (UA: 10 mg kg À1 ; HCPT: 5 mg kg À1 ; CMC-UA NPs and CMC-UA/HCPT NPs:
equal to the free UA concentration). Aer 10 days, blood from mice in the different groups was collected and centrifuged, and serum samples were analyzed by mouse IgE ELISA.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Soware, San Diego, CA). All graphical data are reported as mean AE SD. Signicance levels were set at *p < 0.05.
Results and discussion
In cancer treatment, chemotherapy has many drawbacks such as limited efficacy, severe toxic side effects, and the tendency to induce drug resistance. To overcome such long-standing challenges, the combination of various therapeutic strategies to treat cancer is an important and promising strategy to improve therapeutic efficiency and overcome drug resistance. 29 UA and HCPT mentioned in this paper could achieve a synergistic effect of two kinds of drugs in breast cancer treatment.
Recently, the self-assembly of colloidal nanoparticles (NPs) has emerged as a powerful concept for devising novel nanomaterials, becoming a natural starting point for the bottom-up fabrication of devices in nanotechnology. Nanoparticles are explosively increasing in importance as vehicles for chemotherapy agents because of their ability to enhance drug delivery efficacy and reduce drug side effects.
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Therefore, a CMC drug-loading and self-assembly system was established to load two different anticancer drugs (UA and HCPT), prolonging the delivery half-life based on the selfassembly design of colloidal nanoparticles, and achieving a biocompatible and biodegradable drug-delivery system that is a simple and reliable approach for combination therapy for cancer. The designed method for CMC-UA/HCPT NPs selfassembly is shown in Fig. 1 and 2. 
Preparation of CMC-UA and drug loading
CMC-UA was synthesized successfully by catalytic esterica-tion. The structures of UA, CMC and CMC-UA were characterized by 1 H-NMR (Fig. 3) . The partial structure of UA can be H-NMR analysis, the peak assignments were identical in all polymer products, varying only in the integration of peaks assigned to UA.
In the FTIR spectrum of CMC-UA a characteristic absorption peak is observed at 1600 cm À1 for carboxylate (-COO-) asymmetric stretching vibration. [32] [33] [34] The bands at 1110 cm À1 and 1064 cm À1 are assigned to the ether bonds stretching vibration.
Compared with the FTIR spectrum of CMC, CMC-UA (Fig. 4) has a more visible characteristic band at 1732 cm À1 corresponding to carbonyl stretching vibration in the ester group, which means ursolic acid is successfully attached to carboxymethylcellulose. Polymer conjugates were prepared with a range of UA wt% feeds (10, 20, 30, 40, 50, 80 and 90%). As shown in Fig. 5a , the UA wt% in CMC-UA at rst increased with increasing feed UA% concentrations, but then did not change much when feed UA% concentrations were more than 50%. For the preferred composition of 50 wt% UA feed, the CMC-UA contained 29.62 AE 2.49 wt% UA. The highest drug-loading rate reached was 32.11%. Conjugates prepared across the 10-90 wt% feed range of composition were tested for the size of particles formed: as shown in Fig. 5b , conjugates prepared with 15-60 wt% UA feed yielded particles ranging from 60 to 25 nm. A recent report indicated that the particle size of the drug-loaded nanoparticles was more conducive to transmission in the human body when it was below 100 nm, which not only improved drug-loading, but also increased the specic surface area for drug delivery. 35 It was reported that drug delivery systems with a particle size between 30 and 200 nm would be suitable for intravenous drug delivery, and lead to preferred accumulation of the drug delivery systems at the tumor site by enhanced permeability and retention (EPR). 31, 36 Although many studies have reported that the cellulose nanoparticles delivery system could be accumulated at the solid tumor site in a passive targeting manner by an EPR effect, [37] [38] [39] [40] particles of 20-60 nm have not previously been reported.
Self-assembled CMC-UA/HCPT nanoparticles and drug encapsulation
Camptothecin (CPT) is a pentacyclic indole alkaloid that was isolated from a native Chinese tree, Camptotheca accuminata, in 1966. 10-Hydroxycamptothecin (HCPT) has shown relatively low toxicity and displayed signicant broad-spectrum antitumor activity against various types of cancers, such as breast cancer, lung cancer, hepatoma, leukemia, colorectal cancer and gastric carcinoma. [41] [42] [43] However, HCPT is a hydrophobic drug and also sensitive to pH changes, both of which properties make it difficult to prepare the desired nanoparticles. 44 In our study, HCPT as another model chemotherapy drug was encapsulated into the CMC-UA NPs by self-assembly for combination therapy (Fig. 6) .
Simply, CMC-UA and CMC-UA/HCPT were dissolved in DMSO (5-50 mg mL À1 ) for 10 min, and then slowly added into phosphate buffer solution (0.05-1 mg mL À1 ) at a stirring speed of 500 rpm. From Table 1 , it can be observed that the smallest sizes of CMC-UA and CMC-UA/HCPT nanoparticles were approximately 32 nm and 40 nm, respectively. Such a small nanoparticle system suggested its potential for effective tumor targeting in vivo. Increase in particle size aer being loaded with HCPT might be due to the insertion of the hydrophobic drug into the nanoparticles. The particle size distributions of CMC-UA (Fig. 7a) and CMC-UA/HCPT (Fig. 7b ) nanoparticles were relatively concentrated, and better dispersion was obtained in the investigation. The variation in size of the nanoparticles was observed over an interval of 28 days (Fig. 7c) . The nanoparticles were discovered to be surprisingly stable, with better stability for CMC-UA NPs and CMC-UA/HCPT NPs. The zeta potential is a key factor to be considered when evaluating the stability of a colloidal dispersion. Most charged functional groups are responsible for active nanoparticle interaction with cells. As positively charged particles have the greatest efficiency in cell-membrane penetration and cellular internalization, they form the primary platform as carriers for drug delivery. In Table 1 CMC-UA NPs and CMC-UA/HCPT NPs both have a positive surface charge (z ¼ 6.73 mV and 8.14 mV). Interparticle interactions may be partly responsible for the ability of the nanoparticles to easily disperse, enabling CMC-UA NPs and CMC-UA/HCPT NPs to be easily resuspended aer sedimentation.
Hemolysis study
In order to research the suitability of CMC-UA NPs and CMC-UA/HCPT NPs for drug delivery in the blood circulation and avoid allergic reactions due to injection, the effect of the nanoparticles on blood cells has to be considered and so was determined. Erythrocytes were incubated with two concentrations of nanoparticles (CMC-UA NPs and CMC-UA/HCPT NPs), 1 mg mL À1 and 0.1 mg mL À1 , for 1 h at 37 C. Hemolysis was determined by measuring the amount of hemoglobin released in the supernatant at 541 nm. Triton X-100 was chosen as a positive control, which could induce full hemoglobin release. As seen from Fig. 7d , the samples at concentrations of 1 mg mL À1 and 0.1 mg mL À1 showed hemoglobin release similar to blank values (<5%), obviously lower than with similar concentrations of PEI25K, a signicant cationic polymer.
In vitro drug release
Owing to the pH-dependent decomposition of the ester bond, we would expect pH-responsive UA and HCPT release behavior. The release kinetics of UA and HCPT from CMC-UA/HCPT NPs in solutions at varying pH values (5.0, 7.4) that simulate biological uids were measured by HPLC analysis in vitro. As expected, CMC-UA/HCPT NPs was very slowly hydrolyzed and released UA at pH ¼ 5.0 or 7.4 without the burst release phenomenon commonly found in drug-loaded nanoparticles (Fig. 8) . However, CMC-UA/HCPT NPs was quickly hydrolyzed and released UA in the presence of esterase, which is abundant in the cytoplasm. The release of UA and that of HCPT were obviously pH-dependent, presenting a similar increment tendency with release time. The CMC-UA/HCPT NPs could therefore act as a prodrug for simultaneous release of UA and HCPT. The resulting release data are shown in Fig. 8a . Adding esterase promoted HCPT release due to the hydrolysis of CMC-UA/HCPT NPs (Fig. 8b) .
Cytotoxicity evaluation studies of CMC-UA/HCPT NPs in vitro
In vitro cytotoxicity should be considered to ensure the safety of the nanoparticles before they can be tested in the human system. 45 To examine the cytotoxicity of UA, HCPT, and the nanoparticles, a CCK-8 assay was conducted aer incubating 4T1 cells with the different drugs. The response of the cells was tested in vitro by seeding the cells with various concentrations of CMC-UA NPs, CMC-UA/HCPT NPs, free UA, and free HCPT for 24, 48 or 72 h. As shown in Fig. 8c, 9 mg mL À1 UA and 11 mg mL
À1
HCPT could result in cell death, the extent of which was dependent upon the length of incubation. The time-dependent cytotoxic effect of the CMC-UA/HCPT NPs was evident: 25.1%, 14.0% and 6.3% of 4T1 cells survived aer 24 h, 48 h, 72 h at 10 mg mL
. To compare potential drug efficacy, IC 50 was estimated from the survival curves in Fig. 8d . The results showed that the IC 50 of the samples is in the order UA > CMC-UA NPs > HCPT > CMC-UA/HCPT NPs ( , and the calculated combination index (CI) of UA and HCPT in the CMC-UA/HCPT NPs was 0.05. This suggested that CMC-UA/HCPT NPs achieved a signicant synergistic effect by co-delivery of the two different anticancer drugs UA and HCPT.
Cellular uptake of CMC-UA/HCPT NPs
It is well known that the unfavorable pharmaceutical properties of traditional chemotherapeutics, including poor water solubility and short circulation time, limit their clinical application. Nanotechnology-based drug delivery systems (e.g., dendrimer, liposome, polymeric micelle, nanohydrogel, etc.) have shown signicant promise in overcoming the aforementioned limitations and have demonstrated encouraging results in breast cancer cell therapy in recent years. 46 Moreover, nanoparticle-mediated combined delivery of two drugs has shown synergistic effects in multiple cancers. To provide evidence of cell compatibility and evaluate the drug delivery efficiency of nanoparticles, we incubated 4T1 cells with drugloaded nanoparticles for 4 h. In order to detect the cellular uptake, the concentrations of free HCPT and CMC-UA/HCPT NPs in medium were the same as their respective IC 50 values. The uorescence of HCPT (green) and DAPI (blue) was visualized. CMC-UA/HCPT NPs (green uorescence) was more effectively delivered than free HCPT which had almost no attachment to the surface of 4T1 cells (Fig. 9) . HCPT-loaded nanoparticles, such as liposomes, micelles, and polymer nanoparticles, have been shown to be taken up by cells through an endocytic pathway, thereby allowing them to escape from the effect of P-glycoprotein. HCPT in nanoparticles could maintain a high intracellular HCPT concentration in the cytoplasm. The results demonstrated that increased green uorescence due to CMC-UA/HCPT NPs is densely located in the cytoplasm region near the cell membrane and primarily located on the cell surface.
Pharmacokinetics experiment
An optimal distribution of anticancer agents in vivo is closely related to the enhancement of therapeutic efficacy. 47 To conrm the relation between efficacy and drug biodistribution, a pharmacokinetics study was undertaken by intravenous injection of HCPT, UA, CMC-UA NPs and CMC-UA/HCPT NPs into 4T1-bearing mice. The results, displayed in Fig. 10 , showed that HCPT and UA concentrations in plasma gradually decreased with time for CMC-UA NPs and CMC-UA/HCPT NPs administered by intravenous injection. Obviously, the HCPT and UA of CMC-UA/ HCPT NPs and CMC-UA NPs are retained at higher concentration in the plasma up to 55 h aer injection, whereas the concentrations of HCPT and UA were almost undetectable aer 4 h and 5.5 h, respectively. Disappearance of free UA and free HCPT from the blood circulation aer intravenous injection was very rapid, with the plasma concentration below 10%. However, CMC-UA NPs and CMC-UA/HCPT NPs showed remarkably prolonged clearance, with UA levels of 18.9% and 23.7% ID per g at 24 h aer administration. For HCPT levels, CMC-UA/HCPT NPs exhibited 15.1% ID per g at 25 h aer administration. CMC-UA NPs and CMC-UA/HCPT NPs could extend the blood circulation half-life of UA from 1 h to 4.5 h and 7.3 h, respectively, which were far longer (4.5-and 7.3-fold) than the value for free UA. CMC-UA/HCPT NPs could extend the blood circulation half-life of HCPT from 1.2 h to 3.0 h, which was 2.5-fold that of free HCPT.
3.8.
In vivo anticancer activity studies of CMC-UA/HCPT NPs For humane reasons, animals were killed aer the tumor volume reached 5000 mm 3 or at the end of the experiment (>6 weeks). The drug delivery efficacies of nanoparticles were considered for equivalent doses of 10 mg kg À1 UA and 10 mg kg À1 HCPT, respectively (Fig. 11a) . The two most important goals in cancer treatment are prolonged survival without reduction in the quality of life. 23 4T1 tumor-bearing mice were used to test the in vivo anticancer activity of CMC-UA/HCPT NPs, and the results are shown in Fig. 11 .
Aer 40 days' treatment, a signicant difference in the tumor volumes in the mice of the experimental groups can be seen in Fig. 11b . 4T1 tumor-bearing mice treated with the nanoparticles showed a considerable survival advantage in comparison with the free UA and free HCPT. Anti-tumor capacity of UA, HCPT, (Fig. 11c, Table 3 ). These results indicate that the tumor volumes in the CMC-UA/HCPT NPs-treated group were much smaller than those in the groups treated with UA or HCPT injection. Throughout the experiment, no obvious changes of the average body weights were observed in all treated mice (Fig. 12a) , which suggested the drugs were safe at such a dose. These ndings coincide with the foregoing results of in vitro evaluations.
Evaluation of the side effects
Parameter IgE levels (UA, HCPT, CMC-UA NPs and CMC-UA/ HCPT NPs) were selected for rapid evaluation of type I hypersensitivity reactions. From Fig. 12b and c, we can see that 4T1 tumor-bearing mice treated with UA and HCPT displayed a higher IgE level than the control group, and no signicant change in the CMC-UA NPs and CMC-UA/HCPT NPs groups. This may be attributed to the bad water solubility of UA and HCPT, meanwhile, it is clearly an elaborately certication that nanoparticles could reduce the risk of hypersensitivity reactions substantially. The blood of mice aer treatment with different formulations was also collected to test the WBC count, which is oen used as an indicator of hematologic toxicity. No discernible decreases in the WBC number of the mice treated with the CMC-UA NPs and CMC-UA/HCPT NPs groups were observed, indicating that the nanoparticles designed in this study could avoid severe hematologic toxicity.
Conclusions
This study strongly suggests that combined therapy for eliminating bulk tumor cells could achieve a synergistic anti-tumor effect, and thus may be an attractive strategy for cancer treatment. Biodegradable polymer nanoparticles showed a higher drug-loading efficiency (29.62%) and encapsulation efficiency (17.53%) than the literature had reported. Especially, the appropriate nanoparticle size ($20 nm-60 nm) was more conducive to phagocytosis of cells than the size of >100 nm. In vitro assays demonstrated that the functionalized nanoparticles exhibited enhanced cellular uptake, cell apoptosis induction and cell-viability inhibition ability in 4T1 cells. The cellular uptake and apoptosis indicated that nanoparticles were able to capture and kill tumor cells. Confocal microscopy analysis showed that nanoparticles can actively capture 4T1 cells. In addition, drug delivery systems of CMC-UA/HCPT NPs remarkably suppressed tumor growth by eliminating bulk tumor cells in a 4T1 orthotopic tumor murine model and realized a satisfactory effect.
